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Abstract Elemental segregation leads to hot fissuring in
the Incoloy 20. The present investigation examines the
possibility of lessening the elemental segregation in the
conventional arc welding techniques. In the present
investigation, Incoloy 20 plates were fused by continuous
current gas tungsten arc welding (CCGTAW) and pulsed
current gas tungsten arc welding (PCGTAW) with two
different nickel-based filler wires (ERNiCrMo-2 and
ERNiCrMo-3). The result of the macroexamination shows
that steady fluid flow with crack-free welding was suc-
ceeded in all the weldments. Optical and scanning electron
microscope proves the columnar and cellular structure in
CCGTAW specimens and fine equiaxed dendritic structure
in PCGTAW specimens. Energy-dispersive spectroscopy
(EDS) and X-ray diffraction results exhibit that the weld
joint produced by CCGTAW ERNiCrMo-2 shows Cr
segregation that leads to the formation of M,3C¢ phases in
the interdendritic regions, whereas ERNiCrMo-3 shows the
presence of NbC instead of M,3Cs. The elemental segre-
gation is suppressed when it comes to PCGTA weldments
in both filler wires. Electron backscatter diffraction anal-
ysis shows that the CCGTA weldments show coarser grain
structure in the heat-affected zone (HAZ). In all the cases,
the formation of secondary phases affects the strength of
the weld joints at HAZ. Refined microstructure obtained in
the PCGTAW in both filler wires shows the marginally
higher ultimate tensile strength and toughness compared to
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the corresponding CCGTA weldments. From the corrosion
study, PCGTAW specimens exhibit higher corrosion
resistance than the CCGTAW specimens for both filler
wires.
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Pulsed current gas tungsten arc welding - Microstructure -
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1 Introduction

Incoloy 20 [UNS N08020 (ASTM A240)] is a nickel-based
austenitic superalloy derived from Ni—-Fe—Cr ternary sys-
tem. Incoloy 20 is a single crystal structure with the aus-
tenitic phase. It is a precipitation-strengthened superalloy.
Precipitation strengthening is obtained by adding a minor
amount of alloying elements like Nb, Ti, and Al. These
alloying elements lead to produce gamma prime precipi-
tates such as NizAl, Nis (Al, Ti), and Ni;Ti. This alloy was
developed to provide excellent resistance to corrosion at
elevated temperature in an acid medium like sulfuric acid,
chlorides, phosphoric acid, and nitric acid. Incoloy 20 is
also widely used in many industrial applications like heat
exchangers, pickling equipment, process piping, mixing
tanks, valves, fasteners, fitting, and pumps [1, 2]. Also, the
resistance to corrosion in the aqueous environment is the
same as alloy 825. Welding plays an imperative role in the
fabrication industries to produce components in the afore-
said applications.

In general, industries are widely used shield metal arc
welding (SMAW), gas metal arc welding (GMAW), and
gas tungsten arc welding (GTAW) to fabricate the com-
ponent out of this alloy [2]. These arc welding methods are
inexpensive in comparison with other welding methods.
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However, many researchers reported that the welding of
Ni—Fe—Cr-based alloys using conventional arc welding
processes leads to several problems [3, 4]. Navid Sayyar
et al. [5] investigated the arc welding of Incoloy 825 to
stainless steel AISI 321 welds with three variety of filler
wires (Inconel 625, ER347, and Incoloy 65). Authors car-
ried out EDS analysis to evaluate the elemental segrega-
tion; the results show that the elemental segregation tends
to form the secondary phases in the grain boundaries of all
the weldments. Authors observed the cracking due to the
segregation of niobium (20.05 wt%) in the ER347 weld-
ment. Inconel 625 provides good resistance to solidification
cracking among the three filler wires, which are identified
through the Varestraint test. Sayiram and Arivazhagan [6]
investigated the microstructural evaluation of dissimilar
welds between Incoloy 800H and AISI 321 austenitic
stainless steel using the gas tungsten arc welding with two
different nickel-based superalloy filler wires such as
Inconel 82 and 617. Chromium-rich secondary phases are
observed through EDS analysis at the interface of Incoloy
800H. The authors observed a reduction in mechanical
properties due to secondary phases. The study concluded
that Inconel 617 is the preferable filler metal to join the
alloy between 800H and 321 stainless steel. Kangazian
et al. [7] discussed the comparison between the continuous
and pulsed current tungsten inert gas welding of dissimilar
weld with SAF 2507 and Incoloy 825. The character of the
microstructure on the corrosion properties of the weld
metals is studied through potentiodynamic corrosion tester.
The bimetallic joint with three varieties of filler wires
(ERNiCrMo-3, ER2594, and ERNiFeCr-1) is carried out.
The segregation of Mo (8.25%) in ERNiCrMo-3 and Ti
(1%) segregation in ERNiFeCr-1 filler wires is noticed.
The elemental segregation enhances the corrosion resis-
tance of the weld joints. It is concluded that PCGTAW
offers good resistance to corrosion in comparison with the
CCGTAW technique. Dehmolaei et al. [8] reported the
microstructural examination of the dissimilar weld between
alloy 800 and HP. The welding is performed with tungsten
inert gas welding with three different classes of filler wires
(309 stainless steel, Inconel 617, and Inconel 82). The
dendritic microstructures in all the weldments are
observed. Transmission electron microscopy confirms the
precipitation of M»3Cg (Mo and Cr) and TiC is noticed in
the weldment of 617. The authors noticed that a reduction
in the mechanical properties occur due to M,3C¢(Mo and
Cr) precipitates. It is observed from the aforementioned
literature that the major issues related to Ni—Fe—Cr-based
superalloys are the formation of M»3C¢ (Mo and Cr) sec-
ondary phases. The segregation of Cr during solidification
leads to Cr-depleted zone around the grain boundary. This
affects the corrosion resistance of the alloy. These phases
also lead to hot fissuring in the weldment [9, 10]. The
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chemical composition of Incoloy 20 is similar to Incoloy
800, 800H, and 825 with minor modification of alloying
elements. There is no study reported on the similar and
dissimilar welding of Incoloy 20. It is essential to inves-
tigate the behavior of Incoloy 20 weldment fabricated by
arc welding method. The appropriate selection of filler
material and welding method is necessary to eliminate the
microsegregation of alloying elements. Srikanth and
Manikandan [11] attempted the comparative studies on
GTA and PCGTA welding of alloy 600. The major issue
related to the alloy 600 is the formation of M,;C¢ phases,
which is similar to Incoloy 20. Welding with a variety of
filler wires, which includes ERNiCrMo-3 filler wire, is
carried out. Cr-rich M»3Cq phases are completely sup-
pressed in the pulsed current tungsten inert gas welding
technique.

Mohammed Amir et al. [12] reported the investigation
on electron beam welded Inconel 617 to AISI 310. The
authors studied the microstructure and corrosion properties
of the weldment. EDS analysis exhibits the segregation of
Mo, Nb, Cr, and Co elements in the weld metal. The
electrochemical corrosion test reveals that reduced pitting
corrosion resistance of the weld metal is observed due to
the segregation of Cr and Mo elements.

Cherish Mani et al. [13] discussed the cryogenically
treated dissimilar welded stainless steel 316L and Monel
400 using the arc welding process (GTAW) for heat
exchanger. The microstructure (OM, SEM with EDS) and
corrosion properties (potentiodynamic polarization test) of
the weldments are studied. Weld zone is observed with
segregation of Fe, Cr, Cu, and Ni elements which leads to
reduce the corrosion resistance of the weldment.

In the present study, two nickel-based filler wires such
as ERNiCrMo-2 and ERNiCrMo-3 filler wires are adopted
to produce the Incoloy 20 weld joints with continuous and
pulsed current gas tungsten arc welding (PCGTAW)
techniques. Commonly, the selection of filler metal is the
most imperative weldment design. Welding can be carried
out with (i) composition equal to base metal composition
and (ii) overalloyed filler wire, i.e., higher than the base
metal composition. Overalloyed filler wire has been
employed for the high temperature application to resolve
the elemental segregation. ERNiCrMo-2 filler wire is
considered as an overalloyed filler metal. The elemental
composition of Ni and Mo in the filler wire is greater than
the base metal (Incoloy 20). ERNiCrMo-2 provides good
corrosion resistance and strength at medium to high-tem-
perature environment. Also, this filler wire is developed for
high temperature application [14, 15]. ERNiCrMo-3 is the
suggested filler wire by Special Metal for Incoloy 20. The
presence of Nb (3.5 wt%) in the filler forms NbC instead of
Cr-rich M,3C¢ secondary phases in the weldments. The
presence of Nb and Ti in the filler metal (ERNiCrMo-3)
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hinders the precipitation of chromium carbide in the weld
metal (WM) [11]. So far, there is no literature reported on
the aforesaid filler wires on Incoloy 20. In the present
investigation, the welding characteristics of two different
filler wires with CCGTA and PCGTA welding processes
are performed. Many researchers [16, 17] reported that
pulsed current tungsten inert gas welding supports to lessen
elemental segregation. Similar benefits while welding of
Incoloy 20 are expected.

Based on the reported literature on Ni-Fe—Cr based
superalloy, it is observed that welding on Incoloy 20 is not
reported so far. It is vital to develop the arc welding
method to suppress the microsegregation of Cr and Mo to
avoid the formation of M;,3Cq in the Incoloy 20 weldments.
The objective of this study is to lessen the elemental seg-
regation to improve the microstructural, mechanical, and
corrosion properties of weldments fabricated with both
filler wires using CCGTAW and PCGTAW. It is expected
that the pulsed current gas tungsten arc welding improves
the properties of the weld joint by lessening the magnitude
of elemental segregation in comparison with gas tungsten
arc welding. Outcomes of this investigation will be extre-
mely valuable for the usages allied to this alloy in chemical
environments.

2 Materials and Methodology for Welding
and Characterization of Incoloy 20

2.1 Base Metal and Filler Wires

Hot-rolled and solution-annealed Incoloy 20 plate with a
thickness of 5 mm was utilized in the present study. The
elemental composition of the base metal and filler wires
was tested, and the results are provided in Table 1. Two
different Ni-based filler wires such as ERNiCrMo-2 and
ERNiCrMo-3 with diameter of 1.6 mm were used in the
present study to fabricate the weldment using CCGTAW
and PCGTAW techniques.

Table 1 Elemental composition of base metal and filler rods (wt %)

2.2 Welding of Incoloy 20

Continuous and pulsed current gas tungsten arc welding
was carried out using KEMPII DWE 400 machine.
Experimental trials were carried out in the manual mode
with the polarity of the direct current electrode negative
(DCEN). Weld plates were prepared in a specific dimen-
sion, which was 170 x 70 x 5 mm. The preparation of the
specimen was carefully made with appropriate dimensions
(V-groove with 60° angle and landing of 1.5 mm). To
protect the weldment in the environment, argon was
adopted as a shielding gas with a steady flow rate (15
L/min). The welded plates are shown in Fig. 1.

The process parameters and heat input calculations
involved in the present investigation are provided in
Tables 2 and 3 for CCGTAW and PCGTAW processes,
respectively. In the CCGTAW, the heat input was com-
puted from the constant current, whereas in the PCGTAW,
heat input (Egs. 1, 2) was computed from mean current
(Im)-

7Ip Xty + Iy X fy

I, =—————— amps. (1)

I+t

Heat input (H.I.) was computed by using equation (ii),

Hl_nxlme<J> 2

S mm
where S welding speed, mm/min; I, background current,
amps; I, pulse current, amps; V voltage, V; t, pulse current
duration, my; #, background current duration, ms; n effi-

ciency of the welding process; For the CCGTAW and
PCGTAW process, arc efficiency (17) was chosen as 70%.

2.3 Microstructural Characterization

The weldment microstructures were assessed through an
optical microscope (ZEISS) and scanning electron micro-
scope (ZEISS). The assessment was performed at fusion
zone, base metal, and heat-affected zone (HAZ). The
specimens were extracted using an unconventional
machining process (wire cut electrical discharge machine)
in the direction perpendicular to the weldment. Figure 2
shows the specimens extracted for various characterization
techniques. The microstructure specimens were polished

Element Fe Ni Cr Cu Mo Nb Mn Si P Al C Ti S W Co
Incoloy 20 Bal 3342 19.06 3.18 1.97 0428 0463 0315 0.033 0.022 0.02 0.012 0.001 - -
ERNiCrMo-2 14.80 Bal 20.38 - 9.22 0.36 0.42 0.50 - 0.12 0.05 - - 0.76  0.50
ERNiCrMo-3  1.00 Bal 22.00 050 10.00 4.50 0.50 0.50 - 0.40 0.10 0.40 0.015 - -
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Fig. 1 Welded plates of
Incoloy 20

Table 2 Process parameters used for CCGTA welding of Incoloy20

Filler rod Pass Current (A) Voltage (V) Welding speed (mm/s) Heat input (J/mm) Total heat input (J/mm)
ERNiCrMo-2 Root 131 10.2 0.82 1145.5 2354
First 131 10.2 1.84 508.38
Second 131 10.2 1.34 699.85
ERNiCrMo-3 Root 131 9.7 0.88 1010.9 2179
First 131 9.7 1.25 712.64
Second 131 9.7 1.95 455.21
Table 3 Process parameters used for PCGTA welding of Incoloy 20
Filler rod  Pass Pulse Background Voltage Pulse % on time of Welding Heat input  Total heat
current, I, current, I, (A) V) frequency peak current speed (mm/s) (J/mm) input (J/mm)
(A) (Hz)
ERNiCrMo- Root 130 88 10.4 6 50 0.841 944 2283
2 First 130 88 10.4 6 50 1.185 669
Second 130 88 10.4 6 50 1.185 669
ERNiCrMo- Root 130 88 9.2 6 50 0.798 880 2039
3 First 130 88 9.2 6 50 1.156 607
Second 130 88 9.2 6 50 1.271 552

with SiC emery sheets utilized in the range of lower grade
(220 grit) to a higher grade (2000 grit), followed by 0.5 pm
alumina powder and ended with water polish to obtain
mirror finish. Polished specimens were etched with elec-
trolytic etching (12 V DC for 10 s) with oxalic acid in the
volume ratio of 10% with deionized water on the fused
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specimens to exhibit the microstructure of the base metal,
HAZ, and fusion zone. Energy-dispersive X-ray spec-
troscopy (EDS) point analysis and line mapping were
conducted on the weldments of the interdendritic region
and dendritic core to examine the elemental segregation.
X-ray diffraction analysis (XRD) was conducted on the
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Fig. 2 a Layout of test coupons extracted for characterization, b extracted specimens with dimensions

weldments to assess the formation of intermetallic phases.
Electron backscatter diffraction (EBSD) analysis was per-
formed to examine the grain boundary characterization in
the heat-affected zone.

2.4 Mechanical Characterization

Tensile strength (ultimate tensile strength, yield
strength, and ductility) of the weldments and base metal
were assessed using Instron make 8801 modes universal
tensile machine (strain rate of 2 mm/min at ambient
temperature). The weldments were cut as per the stan-
dard of ASTM [E8/E8M-16a (sub-size)]. The toughness
of the base metal and weldments was evaluated using the
Charpy test (V-notch) at ambient temperature. The test
specimens were prepared as per the standard of
ASTME23. V-notch was made in the center of the
weldments. Three samples were evaluated for both tests
to verify the reproducibility of the outcomes. Further,

fractography was conducted through the SEM to evalu-
ate the mode of failures. Vickers microhardness test was
conducted on the weldments. The applied load was 500gf
with a dwell time of 10 s. The test was performed within
an interval of 0.25 mm between two points.

2.5 Electrochemical Corrosion Test

Electrochemical corrosion properties of Incoloy 20 weld-
ments (dimension: 10 x 10 x 5 mm) were examined
using potentiodynamic polarization test (temperature:
24 °C and NacCl solution: 3.5%). Incoloy 20 is widely used
in applications such as seawater heat exchanger and pres-
sure vessels. Hence, sodium chloride (NaCl) environment
is chosen for the present study. The test was conducted as
per standard (ASTM G61-86) using IVIUM electrochemi-
cal workstation. The workstation comprised of three elec-
trodes, such as reference [saturated calomel electrode
(SCE)], counter (platinum electrode), and working
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(sample) electrodes. At the start, the delay (10 s) was
provided to generate an open circuit potential (OCP) with a
duration of 1800 s for all the samples. Tafel plot was
computed between the values of -1 v/SCE to +1 v/SCE for
all the samples with the scan rate of 10 mV/s. The required
parameters were computed from the IVIUM software, and
corrosion rate of all the samples was computed through
equation (iii):

Corrosionrate = 0.13 X Ioory X E.W./A X d (3)

where I, is the corrosion current density; A, area in cm?;

E.W., the equivalent weight of the sample utilized in (g/eq);
and density (in g/cm?).

The equivalent weight of Incoloy 20 was computed, that
was 25.4 g/eq and density of 8.08 g/cm’. Similarly, the
equivalent weight of ERNiCrMo-2 (27.92 g/eq) and
ERNiCrMo-3 (25.573 g/eq) filler wires were found per the
ASTM G 102-89 standard and density of filler wires were
8.22 g/cm3 and 8.44 g/cm3, respectively.

3 Results and Discussion
3.1 Macrostructures of weldments

Macrostructures of Incoloy 20 weldments are captured and
evaluated to find the defects in the welds (Fig. 3a—d). It is
confirmed that no defects are seen from the macroscopic
examination. Good welding morphology is seen from
Fig. 3, which also denoted steady fluid flow in the weld
pool. Weld pool morphology of CCGTAW and PCGTAW
specimens shows the effects of the buoyancy force and
surface tension in the shape and size of the weld bead
profile. The reduced buoyancy force in PCGTAW provides

DL
r%ﬁzﬁﬂ% um

DLO
L=11d3cIM um

DLI1 W
1=5399.104 um

proper filling of molten metal along with the groove profile
as well as a reduction in the weld bead width. Width of the
WZ for both filler metals is less and narrow for PCGTAW
specimens as compared to CCGTAW specimens. Low
shear stress instigated by surface tension in PCGTAW also
reduces the weld bead width due to the decreased flow of
molten metal from the weld center to the weld interface
[18]. It is evinced that process parameters utilized in this
work are optimum to produce Incoloy 20 plates with two
different filler wires.

3.2 Microstructures of Incoloy 20 Weldments
3.2.1 Base Metal Microstructure

The microstructure of as-received hot-rolled and solution-
annealed Incoloy 20 is captured as shown in Fig. 4a, b.
Incoloy 20 microstructure reveals the fine equiaxed grains,
which improve the toughness and corrosion properties.

3.2.2 CCGTAW and PCGTAW with ERNiCrMo-2
and ERNiCrMo-3 Filler Wires

Microstructures of Incoloy 20 weldment with ERNiCrMo-
2 using CCGTAW and PCGTAW are shown in Fig. 5a—d.
Microstructures of ERNiCrMo-3 weldments are shown in
Fig. 6a—d. Microstructures show columnar and cellular
structures in the weldments of Incoloy 20 with CCGTAW
specimens of both fillers. The coarse microstructure at
HAZ in the CCGTAW specimens is produced due to
higher heat input [ERNiCrMo-2 (2354 J/mm) ERNiCrMo-
3(2179 J/mm)] and slower cooling rate during solidifica-
tion. Columnar and cellular dendrites formation could be
explained through the solidification procedure that changes

DO
91cm388.541 um

DL1
1=4997.708 um

Fig. 3 Macrostructures of Incoloy 20 weldment with ERNiCrMo-2 using a CCGTAW, b PCGTAW and with ERNiCrMo-3 using, c CCGTAW,

d PCGTAW
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Fig. 4 Microstructures of as-received Incoloy 20 a 100x, b 200x

with thermal gradient resulting in disintegration in the
planar solid-liquid interface. In common, a lower thermal
gradient yields enormous grain growth in the weld center.
Besides, steep temperature gradient results in lesser grain
growth nearer to the fusion line. Grain growth in the easy
growth  directions (< 100 > crystallographic  plane)
matching with the heat dissipation direction (perpendicular
to weld pool) is the reason for the formation of columnar
structure nearer to the fusion line.

PCGTAW specimens with both filler wires are observed
with equiaxed grain structures in the weld center. Equiaxed
structures in the PCGTAW specimens are formed due to
low heat input [ERNiCrMo-2 (2283 J/mm) and
ERNiCrMo-3 (2039 J/mm)] during fusion welding process
with the rapid rate of solidification. In the PCGTAW
specimens, pulsing current at the stage of welding results in
refinement of microstructure. Commonly, thermal fluctua-
tion in the weld pool created through the cyclic shift of
input energy causes periodic pauses in the solidification
process. New grains are produced in the weldment during
peak current (metal melting takes place) and base current
(solidification takes place). In the following cycle, the
increase in the current leads to the hindrance of new grains
formation and the occurrence of growing grains re-melting.
Repetition of these cycles leads to variation in the shape
and size of the weld pool and favorable new grain growth
occur due to temperature fluctuation in the weld pool.
Hence, refinement of the microstructure is produced due to
an increment of grain growth rate within a small distance
that allows in the growth of more grains. Refined
microstructures are well matched with other literature
reported earlier [11, 16-18]. Figures 5a, c, and 6a, ¢ show

Equiaxed graiﬁs

microstructures of HAZ of CCGTAW and PCGTAW
specimens. The refined grain structure at the HAZ is
observed in the PCGTAW specimens when compared with
CCGTAW specimens. Lower and narrower heat input
supplied in PCGTAW causes the refinement of grains.

3.3 SEM/EDS Analysis of Incoloy 20 Weldments

SEM results of Incoloy 20 welded with ERNiCrMo-2 and
ERNiCrMo-3 filler wires are shown in Figs. 7, 8,9, 10, 11,
12, 13 and 14. SEM images of Incoloy 20 weldments (weld
interface and weld center) are observed with precipitates. It
is observed that precipitates are produced as tiny particles
in the interdendritic regions, which is formed at the end of
solidification. Various dendritic structures such as colum-
nar, cellular, and equiaxed dendrites are also noticed in the
SEM analysis.

EDS analysis evaluates elemental segregation of the
weldments at the dendritic core and interdendritic regions
are given as shown in Figs. 7, 8, 9, 10, 11, 12, 13 and 14.
The main issue in the Fe—Ni—Cr system is hot fissuring due
to the segregation of Nb, Ti, and Si elements [19]. In this
investigation, elements such as Fe, Ni, Cr, Mo, W, Nb, Ti,
and Si are emphasized for evaluation of elemental
segregation.

Segregation of Si and Mo elements is found at the
interdendritic region of the weld interface [Fig. 7a (i), (ii)]
and weld center [Fig. 7b (i), (ii))] of CCGTAW
ERNiCrMo-2 weldment. The line mapping also confirmes
similar segregation as shown in Fig. 8.

Molybdenum and tungsten are segregated at the inter-
dendritic regions of the weld interface [Fig. 9a (i), (ii)] and
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Fig. 5 Microstructures of Incoloy 20 welds with ERNiCrMo-2 using CCGTAW a weld interface, b weld center and PCGTAW, ¢ weld interface,

d Weld center

weld center [Fig. 9b (i), (ii)] of PCGTAW ERNiCrMo-2
weldment. Line mapping also confirms similar segregation
of the precipitates, as shown in Fig. 10.

Segregation of Nb and Mo elements is noticed at the
interdendritic regions of the weld interface [Fig. 11a (i),
(i1)] and weld center [Fig. 11b (i), (ii)] of CCGTAW
ERNiCrMo-3 weldment. Line mapping also confirms the
similar segregation of the precipitates as shown in
Fig. 12.

Reduced segregation of Nb and Mo elements is found at
the interdendritic regions of the weld interface [Fig. 13a
(i), (i1)] and weld center [Fig. 13b (i), (ii))] of PCGTAW
ERNiCrMo-3 weldment. Line mapping also confirms
similar segregation of the precipitates (Fig. 14).

In this study, segregation of major elements such as Mo,
W, Si, and Nb is noticed. Segregation of Mo and W ele-
ments is noticed due to the atomic radius difference

@ Springer

between the matrix (Ni) and alloying elements (Mo and
W), where the differencs are 9% and 10% [17]. Solid
solution strengthening (y and 7’) is offered through the Mo
and W elements in the nickel-based alloys. Silicon is the
eutectic constituent element that is the reason for the seg-
regation in the precipitation strengthened alloy [1]. The hot
cracking tendency is observed with silicon segregation in
the Incoloy 800 weldments, and segregation of Si
(1.25 wt%) also leads to hot cracking in the nickel-based
alloys [20]. Even though segregation of silicon occurs in
the ERNiCrMo-2 weldments, still, hot cracking is not
observed due to the silicon weight percentage (within the
range of 0.2-0.8%). Similar results were discussed previ-
ously for the silicon segregation [19]. Niobium segregation
could be attributed to the amount of Nb (y’ and y’’ pro-
moting element) in the filler wire ERNiCrMo-3. Even
though segregation of Nb occurs, still, hot cracking is not



Trans Indian Inst Met (2020) 73(5):1333-1362

1341

Fig. 6 Microstructures of Incoloy 20 welds with ERNiCrMo-3 using CCGTAW a weld interface, b weld center and PCGTAW, ¢ weld interface,

d weld center

observed in this investigation, because the hot cracking
tendency is seen with combined segregation of Si and Ti
with the little amount of Nb as reported earlier [19]. The
pulsed current mode of weldments shows lesser segrega-
tion as compared to continuous mode current due to con-
stitutional supercooling.

3.4 XRD Analysis of Incoloy 20 Weldments

XRD results are exhibited for Incoloy 20 weldments with
ERNiCrMo-2 and ERNiCrMo-3 filler wires using
CCGTAW and PCGTAW processes, as shown in Figs. 15,
16, 17 and 18. A huge volume of segregated phases in the
CCGTAW specimens is denoted by using the higher peak
intensity of XRD plots. It is concluded that the deviation in
the peak intensity occurs due to high heat input and slow
cooling rate in the CCGTAW specimens. In this work, the

peak intensity of PCGTAW specimens is lesser than that of
CCGTAW specimens.

XRD result of CCGTAW ERNiCrMo-2 weldment
(Fig. 15) is noticed with interstitial compounds such as
M23C6 (M023C6), MC (MOC), and M12C (8112C) due to Y-
elements such as Fe, Cr, and Mo and y’-elements such as
Mo and Si. XRD result of PCGTAW ERNiCrMo-2 weld-
ment (Fig. 16) is found with interstitial compounds such as
M»5C6 (M0,3Cg) and MC (MoC) due to y-elements (Fe, Cr,
W, and Mo) and 7y’-elements (Mo).

XRD result of CCGTAW ERNiCrMo-3 weldment
(Fig. 17) is noticed with interstitial compounds such as
M»3C¢ (M0,3Cg) and MC (MoC and NbC) and inter-
metallic compound (NigNb) due to y-elements such as Fe,
Cr, and Mo and 7y’-elements such as Mo and Nb. XRD
result of PCGTAW ERNiCrMo-3 weldment (Fig. 18) is
found with interstitial compounds such as M»3C¢ (M0,3C¢)

@ Springer
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Fig. 7 SEM/EDS analysis of
CCGTAW ERNiCrMo-2
sample a SEM - weld interface
(i) EDS-dendritic core (ii) EDS-
interdendritic region, b weld
center (i) EDS-dendritic core
(i) EDS-interdendritic region
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Fig. 7 continued
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and MC (MoC and NbC) and intermetallic compound
(NigNb) due to y-elements (Fe, Cr, and Mo) and vy’-ele-
ments (Mo and Nb).

In the XRD analysis, interstitial compounds (M,3Cg,
M;,C, and MC) are found, which are similar to the pre-
vious literature [3, 21, 22], and intermetallic compound
(NigNb) is observed as reported earlier [16]. Interstitial
compounds formed as tiny particles at interdendritic
regions offer higher mechanical properties, and these
compounds formed as brittle—cellular form offer diminu-
tion of ductility [18]. The intermetallic compound is brittle
in nature which reduces strength. In general, precipitation-

hardened alloys produce y’ precipitates at the final stage of
solidification due to Mo, W, Nb, and Si elements.

3.5 Microhardness Test Results of Incoloy 20
Weldments

Microhardness results for Incoloy 20 weldments with
ERNiCrMo-2 and ERNiCrMo-3 filler wires using
CCGTAW and PCGTAW are shown in Fig. 19. Average
hardness values (Table 4) of the base metal, CCGTAW
ERNiCrMo-2, and PCGTAW ERNiCrMo-2 are 208 HV,
194 HV, and 206 HV, respectively. Table 4 lists the
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Fig. 8 Line mapping of a precipitate in CCGTAW ERNiCrMo-2 weldment
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Fig. 9 SEM/EDS analysis of
PCGTAW ERNiCrMo-2 sample
a SEM-weld interface (i) EDS-
dendritic core (ii) EDS-
interdendritic region, b weld
center (i) EDS-dendritic core
(i) EDS-interdendritic region
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Fig. 9 continued
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average hardness values of CCGTAW ERNiCrMo-3 (205
HV) and PCGTAW ERNiCrMo-3 (215 HV).

Weldments of CCGTAW and PCGTAW with
ERNiCrMo-2 and ERNiCrMo-3 filler wires are found with
lower hardness at HAZ. Lessening of hardness occurs due
to grain coarsening in the HAZ. Similar observations are

@ Springer

discussed earlier for the Incoloy 800H [6]. PCGTAW
weldments are found with marginally higher average
hardness values while compared with CCGTAW weld-
ments. Enhanced hardness values could be attributed to
PCGTAW due to low heat input, which offers an equiaxed
dendrite structure in comparison with CCGTAW. Little
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Fig. 10 Line mapping of a precipitate in PCGTAW ERNiCrMo-2 weldment
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Fig. 11 SEM/EDS analysis of
CCGTAW ERNiCrMo-3
sample a SEM-weld interface
(i) EDS-dendritic core (ii) EDS-
interdendritic region, b weld
center (i) EDS-dendritic core
(i) EDS-interdendritic region
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Fig. 11 continued
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enhancement in the hardness of PCGTAW ERNiCrMo-2 is
found due to W segregation at interdendritic regions.
Weldments of ERNiCrMo-3 are noticed with little
enhanced hardness due to intermetallic compound (NigNb).
The differences in hardness are obtained in the weldments
due to microstructural changes (columnar, cellular, and
equiaxed dendrites) [1].

3.6 Impact Results of Incoloy 20 Weldments

The photograph of the impact test specimens is shown in
Fig. 20. Impact tests examine toughness values for Incoloy
20 weldments with ERNiCrMo-2 and ERNiCrMo-3 filler
wires using CCGTAW and PCGTAW processes that are
listed in Table 4.
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Fig. 12 Line mapping of a precipitate in CCGTAW ERNiCrMo-3 weldment
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Fig. 13 SEM/EDS analysis of
CCGTAW ERNiCrMo-3
sample a) SEM - weld interface
(i) EDS-dendritic core (ii) EDS-
interdendritic region b) weld
center (i) EDS-dendritic core
(i) EDS-interdendritic region
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Fig. 13 continued
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Filler wires (ERNiCrMo-2 and ERNiCrMo-3) have a
higher amount of nickel which enhances the toughness of
the weldments. The toughness of PCGTAW ERNiCrMo-2
is marginally higher than all the specimens in this study
due to tungsten segregation at the interdendritic regions,
and formation of interstitial compounds (Mo,3C¢ and
MoC) also improve the toughness [23].

@ Springer

SEM fractographic images (Fig. 21) reveal that micro-
voids with elongated dimple structures are observed in the
impact-fractured CCGTAW and PCGTAW specimens. All
the CCGTAW specimens are fractured completely as
compared to PCGTAW specimens. Ductile mode of frac-
ture is identified from the impact tests, and also SEM
images confirm the ductility with dimple structure [24].
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Fig. 14 Line mapping of a precipitate in PCGTAW ERNiCrMo-3 weldment
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Fig. 15 XRD analysis of CCGTAW ERNiCrMo-2 weldment
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Fig. 16 XRD analysis of PCGTAW ERNiCrMo-2 weldment
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Fig. 17 XRD analysis of CCGTAW ERNiCrMo-3 weldment

3.7 Tensile Results of Incoloy 20 Weldments

Tensile tested specimens of Incoloy 20 weldments with
ERNiCrMo-2 and ERNiCrMo-3 filler wires using
CCGTAW and PCGTAW are shown in Fig. 22. Average
UTS, average YS, and average ductility of CCGTAW and
PCGTAW with ERNiCrMo-2 and ERNiCrMo-3 filler
wires are listed in Table 4. Fracture of weldments for both
fillers is observed at HAZ. Reduction in the thermal gra-
dient at the phase of solidification causes grain growth in
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Fig. 18 XRD analysis of PCGTAW ERNiCrMo-3 weldment

the HAZ. Coarsened grains is the reason for the occurrence
of fracture at HAZ, and it is also evinced from the hardness
test. Higher ultimate tensile strength is achieved in the
PCGTAW specimens in comparison with corresponding
CCGTAW specimens. Refinement in grain size is also the
reason for higher strength and enhanced ductility [22].
EBSD analysis provides a detail microstructure investiga-
tion to analyze at the HAZ of all weldments. The fracto-
graphic analysis (Fig. 23) is performed for fused specimens
using CCGTAW and PCGTAW processes. Microvoids and
dimples are found in all the weldments which exhibit the
ductile mode of fracture. Ductility is marginally enhanced
in PCGTAW specimens due to a reduction in grain size in
the HAZ as compared to CCGTAW specimens.

3.8 EBSD Analysis of Incoloy 20 at HAZ

EBSD analysis results of Incoloy 20 at HAZ are presented
in Figs. 24, 25, 26 and 27. Image quality (IQ) map
(Figs. 24a, 25a, 26a, 27a) reveals an excellent quality
microstructure of weldments at HAZ where different grain
sizes are observed. In this study, the tensile fracture occurs
at HAZ. The difference in the grain size occurs due to the
variation in the thermal gradient during the welding pro-
cess. Inverse pole figure (IPF) map at HAZ exhibits the
random orientation of the grains and size at HAZ through
the color variation as shown in Figs. 24b, 25b, 26b and
27b. Various sizes and proportions of the grains are
observed at HAZ of all the weldments. Grain sizes at HAZ
(CCGTAW ERNiCrMo-2 (2.03 to 297.32 £ 62.6 um),
PCGTAW ERNiCrMo-2 (2.08 to 167.46 £ 36 pum),
CCGTAW ERNiCrMo-3 (2.03 to 288.49 £ 77.13 pm),
and PCGTAW ERNiCrMo-3 (2.01 to
214.169 £ 38.76 um)) are measured using EBSD analysis.
Higher heat input coupled with a slower cooling rate is the
reason for coarsened grains at HAZ of CCGTAW speci-
mens. Grain boundary (GB) map shows the low-angle
boundary (2° to 5°) with the minimum fraction and high-
angle boundary (5° to 60°) with maximum fraction at HAZ
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Table 4 Mechanical properties of Incoloy 20 and its weldments

Material Average hardness of weldments Average toughness Average UTS Average yield strength  Average ductility
HV) Q) (MPa) (MPa) (%)

Base metal 208 119 654 367 47

CCGTAW 194 111 616 315 37
ERNiCrMo-2

PCGTAW 206 126 630 329 38
ERNiCrMo-2

CCGTAW 205 98 632 321 38
ERNiCrMo-3

PCGTAW 215 112 646 356 41
ERNiCrMo-3

(Figs. 24c, 25c¢, 26c, 27¢). KAM map exhibits the local
misorientation of grain boundaries where local strains or
dislocation sites are observed. Local strains are represented
in green color. Uneven distribution of local strains is
noticed at HAZ as shown in Figs. 24d, 25d, 26d and 27d.
These uneven local strains are the reason for failure at HAZ
when the tensile force is applied [25].

3.9 Evaluation of Electrochemical Corrosion

Potentiodynamic curves of Incoloy 20 and its weldments
are shown in Fig. 28. Electrochemical corrosion test results
such as corrosion potential (E,,), corrosion current den-
sity (I.orr), and corrosion rate (C,) are listed in Table 5.
SEM images of corrosion tested base metal and weldments
are shown in Figs. 29, 30, 31, 32 and 33. Corrosive regions
are represented as white arrows in the SEM images. In this
study, the ranking for corrosion is Incoloy 20 > CCGTAW
ERNiCrMo-2 > CCGTAW  ERNiCrMo-3 > PCGTAW
ERNiCrMo-2 > PCGTAW ERNiCrMo-3.  Significant
parameters of pitting corrosion are the elemental

composition, electrolyte concentration, electrochemical
potential and temperature. The pitting corrosion mecha-
nism involves breakdown or initiation of the pitting of the
passive protective layer. The strong protective passive
layer forming elements are Ni, Cr, Mo, and Ti [26]. The
higher corrosion rate is observed in the Incoloy 20 base
metal as compared to ERNiCrMo-2 and ERNiCrMo-3
weldments. The corrosion rate of weldments is lessened
due to the higher amount of Ni, Cr, and Mo elements which
have a passive protective layer. The difference of corrosion
potential (E..,;) between the base metal and the weldments
is 0.4 mV that lead to the formation of effective galvanic
couples and increased the corrosion rate [12].

4 Conclusions
1. Macrostructural observation for Incoloy 20 weldments
made with ERNiCrMo-2 and ERNiCrMo-3 filler wires

using continuous and pulsed current gas tungsten arc
welding processes exhibits crack-free welds.
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Fig. 20 Toughness values of Incoloy 20 weldments

2.

The microstructural evaluation shows cellular and
columnar grains in CCGTAW specimens and colum-
nar and equiaxed grains in PCGTAW specimens for
both filler wires. Coarsened grains at heat-affected
zone are found with CCGTAW specimens in compar-
ison with PCGTAW specimens for both filler wires.
Segregation of chromium has taken place at the stage
of solidification in CCGTAW ERNiCrMo-2 and
segregation of niobium in the CCGTAW
ERNiCrMo-3. Reduced segregation of elements is
observed in PCGTAW specimens.

X-Ray diffraction results reveal intermetallic com-
pounds for CCGTAW ERNiCrMo-2 (Cr,C; and y-Ni),
PCGTAW ERNiCrMo-2 (y-Ni and Ni;C), CCGTAW
ERNiCrMo-3 (NisC, NbNi;, and Fe,C), and
PCGTAW ERNiCrMo-3(MoNiy, Ni;C, and y-MoC).
Microhardness test exhibits that enhancement of
average hardness values of around 4% in the
PCGTAW specimen for ERNiCrMo-2 is observed
than the corresponding CCGTAW. For ERNiCrMo-3,
enhancement of around 6% is observed in the
PCGTAW specimen than that of CCGTAW.

@ Springer

Impact test discloses that toughness values for
PCGTAW specimens are improved by around 13%
as compared to CCGTAW for ERNiCrMo-2 filler
wire. For ERNiCrMo-3, toughness values of
PCGTAW specimen are 14% higher than that of
CCGTAW.

The tensile test reveals that the average ultimate tensile
strength of PCGTAW specimen is 2% higher than that
of CCGTAW for both filler wires. Enhanced mechan-
ical properties are found in PCGTAW specimens for
both filler wires as compared to CCGTAW specimens.
Improvement in the mechanical and metallurgical
properties is observed for PCGTAW specimens for
both filler wires due to lessened heat input and a rapid
cooling rate.

The electrochemical corrosion test reveals that higher
corrosion resistance is observed in the PCGTAW
specimens as compared to CCGTAW specimens.
From both processes and filler wires, it is recom-
mended that the PCGTAW ERNiCrMo-3 specimen is
offering a better outcome for mechanical, metallurgi-
cal, and corrosion properties.
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Fig. 22 Tensile fractured specimens of Incoloy 20 weldments
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Fig. 24 EBSD analysis of Incoloy 20 weldment with ERNiCrMo-2 using CCGTAW
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Fig. 25 EBSD analysis of Incoloy 20 weldment with ERNiCrMo-2 using PCGTAW
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Fig. 26 EBSD analysis of Incoloy 20 weldment with ERNiCrMo-3 using CCGTAW
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Fig. 27 EBSD analysis of Incoloy 20 weldment with ERNiCrMo-3 using PCGTAW

] CCGTAW ERNiCrMo-2 Table 5 Corrosion properties of Incoloy 20 and its weldments
051 PCGTAW ERNiCrMo-2 -
CCGTAW ERNiCrMo-3 Material Econ Lo C. rate (mm/
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Fig. 28 Potentiodynamic curves of Incoloy 20 weldments
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Fig. 30 SEM image of electrochemically corroded CCGTAW
ERNiCrMo-2 weldment
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Fig. 31 SEM image of electrochemically corroded PCGTAW
ERNiCrMo-2 weldment
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Fig. 33 SEM image of electrochemically corroded PCGTAW
ERNiCrMo-3 weldment
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